Abstract. Syndiotactic polystyrene (sPS) samples were quenched at low temperature (0°C) in the presence of Multi-Walled Carbon Nanotubes (MWCNT) at different concentrations. The influence of carbon nanotubes on the structure and physical properties of sPS composites was investigated by SEM, X-ray diffractograms, DSC (Differential Scanning Calorimetry), and Dynamic Mechanical Analysis (DMA). A good dispersion of the carbon nanotubes in the sPS matrix was found, at least for the low MWCNT concentration, whereas opposite effects were noticed on Tg and elastic modulus, depending on concentration. The pristine sPS sample was almost amorphous at 0°C, whereas in the filled samples the crystallinity increased on increasing the MWCNT concentration, indicating a strong nucleation effect of the nanotubes. Interestingly, in spite of the low temperature, the β crystallinity was induced and this crystalline form increases on increasing the carbon nanotube concentration, being dominant (68% of the total crystallinity) already at 3 wt% of MWCNT concentration.
Introduction
In semicrystalline polymer materials, the degree of crystallinity, the orientation, the polymorphism and the thermodynamic state of the amorphous phase are important factors in controlling the physical properties. Many efforts have been devoted in the past to settle a correlation picture between these parameters and the processing conditions [1] . This is particularly relevant for syndiotactic polystyrene (sPS) that presents a complex polymorphic pattern, depending on several factors, further complicated by the presence of structural disorder [2] [3] [4] [5] . In particular, when crystallized from the molten state, sPS solidifies into two different crystal forms, termed α and β. They can appear pure or mixed in different proportions, depending on the experimental conditions [1, 6, 7] .
Controlling of processing conditions to obtain a pure α or β form is of particular interest especially in consideration of their different physical properties [2, 6] . For example, sPS samples in the crystalline α form, as well as amorphous samples, when exposed to suitable solvents transform into clathrate forms, characterized by chains in helical conformation. This transition never occurs in samples that present crystalline β form [2] . For this reason, the sPS β form could represent a polymeric material of industrial interest due to its high melting temperature, fast crystallization rate, good chemical and thermal resistance [2, 5] . However, in spite of its thermodynamic higher stability with respect to the α form, it can be obtained only at very low under-cooling (high crystallization temperature), whereas at crystallization temperatures lower than 230°C the α form is always obtained [8] . Many attempts to obtain the β form at lower temperatures failed so far. Polymorphic state has been only altered in the presence of miscible polymers, such as poly(2,6-dimethyl-p-phenylene oxide) [9] or atactic polystyrene, which reduced in sPS blends the α form crystallinity, increasing the β form [10, 11] . Recent experimental investigations are demonstrating the potential of carbon nanotubes as small-volume fraction reinforcements in polymer matrix systems [12] [13] [14] [15] [16] [17] . Carbon nanotubes are also known to impart profound changes to the crystallization behavior of semicrystalline polymers. They can affect the crystalline morphology [18] and modify the kinetics of the crystallization process as a result of their nucleating action [19] [20] . Furthermore, carbon nanotubes may induce polymorphism in certain systems and promoting crystallization into specific crystal forms [21, 22] . In this paper we show the enhanced crystallization of sPS in the β form, in the presence of multiwalled carbon nanotubes (MWCNT), even at very low crystallization temperatures. The possibility of inducing the β form crystallization at low temperatures (close to the common processing conditions) is very important because in this way several polymer properties were improved, such as mechanical and thermal properties.
Experimental 2.1. Materials
Syndiotactic polystyrene (Questra QA101) was supplied by the Dow Chemical Co (USA). The molecular weight characteristics were: M w = 320 000 g/mol and M w /M n = 3.9, whereas a concentration of syndiotactic triads was greater than 98% [6] . The carbon nanotubes were obtained from Nanocyl S. A. (Belgium) synthesized by catalytic carbon vapor deposition (ccvd) process. They are multiwalled carbon nanotubes characterized by an average diameter of about 10 nm and the length ranging from 0.1 to 10 μm. The nanotubes were purified to produce a carbon purity >95% and a metal oxide impurity <5% as it results by thermogravimetric analysis (TGA). The specific surface area determined with the BET method is around 250-300 m 2 /g [17] . Neat sPS sample and the composite materials containing different concentration of multi-walled carbon nanotubes (1, 3, 6 and 9 wt%) were prepared using a laboratory-scale conical twin-screw extruder 'Micro-Coumpounder' by ThermoHaake (Germany). Polymers and carbon nanotubes were premixed manually and then loaded into the compounder. All batches, weighing 6 g each, were processed at 295°C with a screw speed of 100 rpm for 15 min. The samples were then extruded and cooled down to room temperature. The extruded samples were moulded in a hot press by Carver Inc.
(USA) at 310°C, forming 100 μm thick films, which were rapidly quenched in a bath with water at 0°C.
Methods
Differential Scanning Calorimetry (DSC) analysis was carried out on films samples with a mass ranging between 5 and 7 mg. The tests were carried out by means of a DSC 822 by Mettler Toledo (Germany) under nitrogen atmosphere. The samples were heated from 25 to 300°C at 10°C/min and kept at 300°C for 5 min to eliminate the previous thermal history. After that, non isothermal meltcrystallization study was carried out by cooling the samples to 30°C at a rate of 10°C/min. X-ray diffraction (XRD) measurements were performed on the sample films by means of a D8 Advance by Bruker (USA) X-ray diffractometer with Ni-filtered CuK α radiation (λ = 1.5405 Å). Data were collected from 2 to 40° in 2θ in steps of 0.03°at a time /step of 0.02 sec. Scanning electron microscopy (SEM) was conducted using a JSM-5900LV by JEOL (USA) scanning electron microscope. The films were etched before of the observation. The etching reagent was prepared by stirring 1.0 g potassium permanganate in a solution mixture of 95 ml sulphuric acid (95-97%) and 48 ml orthophosphoric acid (85%). The samples were immersed into the fresh etching reagent at room temperature and held under agitation for 48 hours. Subsequent washings were done using a cold mixture of 2 parts by volume of concentrated sulfuric acid and 7 parts of water. Furthermore the samples were washed successively with 30% aqueous hydrogen peroxide to remove any manganese dioxide. The samples were washed with distilled water and kept under vacuum for 2 days. Thermo-mechanical properties of the different blends were determined with a dynamic thermomechanical analyzer, DMA 2980 by TA instrument (USA). Quenched film samples with dimensions 5×10×0.1 mm were tested by applying a variable tensile deformation. The displacement amplitude was set to 1%, whereas the measurements were performed at the frequency of 1 Hz. The range of temperature was from 0 to 150°C at a scanning rate of 3°C/min.
Results and discussion 3.1. Samples morphology
In Figure 1 the morphology of pristine sPS and the sample containing 1 wt% of MWCNT are compared. In the pristine sample the etching procedure erased the surface sheet, putting in evidence an almost structure-less morphology, typical of an amorphous sample.
The filled sample appears very similar, and no recognizable morphology is seen in the polymeric matrix; at variance a very homogeneous network of carbon nanotubes is clearly visible. They are nicely dispersed and do not show any bundle aggregate, going separately out of the polymeric matrix. This means that at the concentration of 1 wt% it is possible to disperse well the carbon nanotubes into the syndiotactic polystyrene matrix, producing a homogeneous sample. Further and deeper analyses, such as TEM, are needed to verify if the good dispersion is a general feature of the sPS-CNT composites, even for high concentrations.
Differential Scanning Calorimetry (DSC)
The DSC scans of sPS and sPS-MWCNT films quenched at 0°C are shown in Figure 2 , during the first heating (Figure 2a exothermic peak due to the cold crystallization and the melting peak. The jump at the glass transition temperature (T g ) is quite evident in the pristine sPS sample, whereas it appears at lower temperatures and is less evident in the composites. The subsequent exothermic peak due to the cold crystallization indicates that the pure sPS films quenched at 0°C is prevalently amorphous and crystallizes during the heating scan. At variance this peak is reduced in the sample containing MWCNT up to fully disappear in the samples with 6 and 9 wt% of MWCNT.
It is interesting to note that the cold crystallization temperature (T c(heating) ) (the temperature of the exothermic peak) decreases by almost 20°C going from the pure to the composite samples, indicating a nucleation effect due to the carbon nanotubes [19, 20] . This effect is also detectable during the cooling scan from the melt state, in which the crystallization temperature (T c(cooling) ) of the composite samples is always higher than that of the neat sPS. The melting temperatures (T m ) are slightly lower in the composite samples. This is due to the fact that the crystals formed during the DSC heating scan have a melting temperature higher than that formed during the rapid quenching at 0°C. All the thermal parameters are reported in Table 1 , in which also the crystallinity (X c ), evaluated using the following Equation (1) is reported:
where ΔH c and ΔH m are the enthalpy of cold crystallization and fusion recorded by DSC, and ΔH ∞ is the heat of fusion for 100% crystalline sPS (taken to be 53.2 J/g [23] ). The enthalpies, and consequently the crystallization degree, reported in Table 1 , are normalized to the polymer mass.
It is important to note that this method tends to overestimate the value of crystallinity in presence of mesophase and/or melting -re-crystallization processes during the heating scan at temperatures close to the melting point. In particular, the formations of an instable mesophase during the crystallization of sPS at lower temperature, was clearly observed in the literature [2, 8] . Even if the conformational order of the chain sequences is not sufficient to give rise to discrete X-ray reflections, the presence of mesomorphic phase can be characterized by infrared spectroscopy as well as permeability tests [8] .
It is also evident that increasing the MWCNT concentration the crystallinity increases, being almost double with respect to the pure sPS for the samples with 3, 6 and 9 wt% nanotubes. The shift of the glass transition temperature at lower temperatures is also worth noting in all the composite samples. Probably, as observed in other polymer nanocomposites systems, the presence of CNT in the matrix induces an increase of free volume, and consequently an increase in the molecular mobility at lower temperature [24, 25] .
X-ray analysis
In Figure 3 amorphous: indeed only a small peak at 6.8° of 2θ, characteristic of the α form [2, 3] is apparent in the diffractogram. This is an expected result, always found for quenching at low temperatures. At variance, all the composites appear crystalline, with this parameter increasing on increasing the carbon nanotube concentration, confirming the DSC results. Moreover the crystalline diffractograms surprisingly show the presence of peaks characteristic of the β form, never observed at crystallization temperature as low as 0°C. Indeed the peaks at 6.2 and 12.3° of 2θ typical of the β form [2, 3] are evident in the sample containing 1 wt% of MWCNT, and their intensity increases on increasing the nanotube concentration. Also the peaks characteristic of the α form are present in the diffractograms, in particular the peaks at 6.8 and 11.8°o f 2θ [2, 3] . However, at variance with the β form peaks, the α form peaks decrease on increasing the nanotube concentration, indicating that the nanotubes strongly favor the β crystallization. The total crystallinity was derived from the diffractograms by comparing the crystalline peak area with the total area of the diffractograms. The obtained values are reported in Table 2 . The X-ray analysis, which represents the crystallinity of the quenched samples (not invalidated by further crystallization as in DSC), shows a dramatic increase of crystallinity from the pure sPS sample (3%) and the sample with 3 wt% of MWCNT (36%), confirming the qualitative behavior deduced in the DSC analysis. To investigate the variation of the β form crystallinity on increasing the nanotube concentration, the formula of Guerra et al. [8] was used for calculating the β fraction. It consists of determining the areas (I) of the two peaks located at 2θ = 11.6° (α form) and 2θ = 12.2 (β form), and deriving the percentage of β form by the Equation (2) where 1.8 is ratio between the intensities of peaks at 11.6 and 12.2° of 2θ, for sample of equal thickness and crystallinity in the pure α and β form, respectively:
In Table 2 the also the relative Pβ crystallinity are reported. A strong increase of both the total and the β crystallinity is clearly observed on increasing the carbon nanotube concentration, with the β form being dominant (68% of the total crystallinity) already at 3 wt% of MWCNT concentration. Figure 4 shows the tensile storage modulus (E′) and the glass transition temperature (T g ), resulting from the DMA characterization of the samples. MWCNT addition increases the storage modulus of the composites for all the concentrations. The glass transition temperature (identified as the temperature where the tanδ presents a peak) after a sudden decrease, increases on increasing the MWCNT concentration. Even if this trend was confirmed by the experimental results found in the DSC analysis (Figure 2a ), it is difficult to explain. It probably corresponds to an overlapping of different effects related to the free volume, the crystallinity of sPS matrix, the relaxation of the rigid amorphous phase immobilized by carbon nanotubes and inter-phase interactions [26] . At low CNT concentration the increase of free volume, determining an increase of chain mobility prevails, determining a decrease of the T g , whereas at high CNT concentration the increasing amount of filler increases the restrictions imposed to the motion of the polymer chains, which can explain the increase after the initial drop. The decrease in the chain mobility and principally the consistent increase of crystallinity can explain also the enhancement in the elastic modulus. A similar behaviour was described in [27] for another semicrystalline polymer-nanocomposite system (PA6-MWCNT composites).
Dynamic mechanical properties

Conclusions
The influence of carbon nanotubes on the structure and physical properties of sPS composites has been investigated by different methods, giving the following results: -The chosen processing conditions allows, at least for low concentrations, a good dispersion of the carbon nanotubes in the sPS matrix. -As evidenced by DMA and DSC analysis, the glass transition decreases in the filled samples, indicating that the effect of carbon nanotubes on the amorphous phase of sPS produce different and opposing effects. -The pristine sPS sample is almost amorphous at 0°C, whereas in the filled samples the crystallinity increases on increasing the MWCNT concentration, indicating a strong nucleation effect of the nanotubes. -The β crystallinity increases on increasing the carbon nanotube concentration, being dominant (68% of the total crystallinity) already at 3 wt% of MWCNT concentration. -MWCNT addition increases the storage modulus of the composites for all the concentrations.
